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Abstract
Molecular dynamics (MD) simulation is one of the most common simulation methods which predict the
dynamical and thermodynamical properties of atomic structures based on classical Newton's laws. In this
study, the effect of copper nanoparticles on the thermal behavior of the fluid in zig-zag nanochannel was
investigated using molecular dynamics simulation. In our simulations, water molecules were used to model
1

the base fluid, and platinum atoms were used to model the nanochannel walls. To investigate the effects of
copper nanoparticles on the base fluid, physical quantities such as potential energy, density, velocity,
temperature profiles, and finally, the thermal conductivity has been reported. The results show that, by
adding nanoparticles to the base fluid, the maximum density increases. On the other hand, the maximum
velocity decreases from0.22oA/ps to 8oA/ps to. From the velocity behavior of the fluid particles, the
temperature decreases from 363K to 330K. Furthermore, a study of the thermal conductivity of the
simulated system by using the Green-Kubo method showed an increase in the thermal conductivity of water
up to 0.679 W.m− 1.K-1. The increase of the nanofluid thermal conductivity is consistent with the increase
in heat transfer, which can be a promising parameter in industrial applications.
Keywords: Nanochannel; Molecular dynamics simulation; Nanofluid; Thermal conductivity; Zig-zag
Nanoparticle.

1- Introduction
In modern research methods, computer simulation is one of the efficient tools for computational
processes. Molecular dynamics (MD) simulation is one of the most common simulation methods
which predict the dynamical and thermodynamical properties of atomic structures based on the
classical Newton's laws. Historically, this method was first used by Alder and Wainwright, and
then Rahman performed real simulations by using this method [1, 2]. On the other hand, many
studies have demonstrated the ability of MD simulations to investigate atomic structures behavior
in nanoscale structures. Investigation of fluid behavior inside atomic channels is one of the
important subjects due to the common application of this field of science in modern technology
such as medical equipment, industrial biosensors, pharmaceutical equipment and etc. [3-7]. In
these applications, flow behavior in a channel is important to design and optimize the
nanomaterials properly. By study of previous research on the fluid simulation within the atomic
channels, these reports can be divided into three categories:
•

The first category depicted of the fluid manner in an ideal atomic channel.

•

The second group of studies deals with multiphase currents in simulated atomic channels.
2

•

The last one deals with fluid flow in a non-ideal environment.

In the first group of simulations which focus on the fluid manner in a single channel, King and
Chyu [8] and King et al. [9] investigated the nanofluid behavior inside a nanochannel and reported
the fluid dynamical behavior by the report of velocity, rotation, and displacement of nanoparticles.
They found that by adding nanoparticles to the base fluid, the heat transfer in the atomic structure
increased. Furthermore, simulations of the flow through a microchannel have been published by
Harley et al. [10] and Bhattacharya and Lie [11]. Furthermore, water flow in an atomic
microchannel was reported by Mala and Li [12]. Marco and Chung [13] also investigated the heat
transfer from the channel walls to the fluid by simulating two platinum walls and placing liquid
argon atoms between them. In another study, Kang et al. [14] investigated the atomic behavior of
argon/copper nanofluids by using the EAM potential and calculate the thermal conductivity of the
simulated structure. Moreover, Frank et al. [15] investigated the behavior of argon-copper flow
inside the nanochannel and observed that as the volume fraction of nanoparticles increased, the
thermal conductivity of nanofluids increased. Afrand et al. [16-17] studied the effects of
temperature and adding of nanoparticles with different ratios to the base fluid. The results of this
research showed the improvement of the thermal behavior of the base fluid by adding
nanoparticles. In another work, Baratpour et al. [18] investigated the effect of temperature and
density of nanoparticles (Carbon nanotubes and ethylene glycol) on nanofluid viscosity. This
research group showed that by increasing the temperature of simulated atoms, the heat transfer in
structures increased. In another study, by adding nanoparticles into a base fluid, Sun et al.
investigated the effects of temperature on its dynamic properties. The results of this study showed
that at low temperatures, the behavior of nanofluids operated as the coolant structures.
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For the second group of MD studies on the behavior of fluids within atomic channels, we can
introduce the researches concerned the different forms of channels and the amount of external
force. One of these studies to investigate the porosity effect on the fluid atomic manner in the
presence of an external force, carried out by Noorian et al. [19-20]. The results of this theoretical
work showed that the force and porosity played an important role in argon fluid manner. This
research group showed that increasing the amount of porosity reduced the fluid flow rate. In the
processes described, the amount of the flow through the channel could also be a key factor. This
parameter has been thoroughly investigated in the work of Thiagarajan et al. [21–23]. They
simulated the copper substrate. In a study carried out by Toghraie et al. [24], the researchers also
performed the molecular dynamics simulation of argon fluid by adding platinum and copper
nanoparticles to the fluid at ideal and porous nanochannels. The profiles of temperature, velocity,
and density were calculated by the application of various external forces. The results showed an
increase in the density, velocity, and temperature profiles of the atoms which flowing through the
atomic channels. Pengfi et al. [25] studied the electromagnetic flow inside a porous nanochannel
by using a molecular dynamics simulation method. In this work, two types of rectangular porosities
(large and small barriers) have been used in each simulation. The combination of these two types
of barriers is arranged periodically and regularly on the nanochannel walls. The results showed
that the presence of porosity reduced the amount of oscillation of fluid-particle density near the
solid wall. Finally, in addition to what has briefly outlined above, much more research work can
be found in the field of the fluid dynamical manner in atomic channels [26-34]. Due to the
importance of this issue, the effect of copper nanoparticles on the dynamical and thermal behavior
of base fluid (water) inside the nanochannel with zig-zag walls in this computational work is
studied. In our simulations, the platinum atoms are selected for nanochannel modeling. On the
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other hand, the initial conditions and the number of fluid particles for the designed systems are
quite similar, and only the number of nanoparticles are used in each of the simulated samples
differs. This procedure makes it possible to study the nanofluid effects on the fluid manner in a
zig-zag nanochannel.

2- Computational method
The basis of the MD simulation method is Newton's law. In this method, the interatomic forces are
calculated by the force field function, then by time integrating these new particle positions and
velocity relationships are calculated as a function of time. Then, by analyzing the path of each
particle in the phase space and applying statistical mechanics, the connection between the
microscopic and macroscopic quantities are created. Finally, total information about the different
properties of atomic systems, including system energy, structural properties, and heat capacity, are
calculated. Fig. 1 shows a common procedure in the MD simulations.

5

Fig 1. Simplified schematic of the molecular dynamics algorithm

In the MD method, all the calculations are performed by using Newton's second law formulation
as follows:
F = ma

(1)
6

From this equation, the expressions needed to form the phase space for dynamical and thermodynamical calculations are created. In this equation, F is the force applied to a particle with mass
“m” and “a” is the acceleration vector of the particle. With force exerted on each particle, the
acceleration of them in a simulated system can be determined. Then by integrating the equation of
motion, the trajectory of the particles is determined over time, and so the evolution of the particles
is presented in the simulation over time. On the other hand, it should be noted that Newton's second
law is applicable only to simple systems. For complex systems, more complex forms of motion
equations are required, and the Lagrangian formulation of classical mechanics provides the general
basis for solving more complex problems. In this method, the motion equation of particles is
formulated as [36]:
d
dt

∂L

∂L

(∂q̇ ) – (∂q ) = 0

(2)

k

In this equation, the Lagrangian (L) operator is expressed in terms of the potential and kinetic
energies of a simulated system as follows:
L = Ek-V

(3)

This quantity varies by the generalized coordinates and its time derivative. This formulation gives
a time evolution of atoms in the Cartesian coordinates [36-38]. Next, numerical integration using
the Verlet algorithm is done. The numerical integration of Newton's equations determines the
position of the particles at different time steps. Because of the simplicity and stability of the
velocity-Verlet algorithm, this method is commonly used in molecular dynamics simulations. In
the basic formula for the velocity-Verlet algorithm, one uses the Taylor expansion of the position
of atoms as follows [39-40]:
r(t+Δt) = r (t) + Δt v(t) +
a(t+Δt) =

Δt2 𝐚 (t)

(4)

2

𝐅 (t+Δt)

(5)

m
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v(t+Δt) = v (t) + Δt v(t) +

Δt (𝐚 (t)+𝐚(t+Δt))

(6)

2

Finally, using these parameters and knowing the initial position and velocity of the atoms in the
simulated systems, one can investigate the later position of atoms and the velocity of the simulated
particle at different times. In this work, we used the LAMMPS software, open-source software, to
perform molecular dynamics simulations. Today, open-source software is widely accepted in
various branches of science, so the use of open source software in the field of atomic structures is
growing.
From the computational point of view, in this study, the simulation box is a cubic structure with
160, 75, and 40oA length along the x, y, and z-directions. Furthermore, the zig-zag nanochannel is
fixed into a simulated box and this atomic structure interaction with the fluid/nanofluid (Fig. 2).
After preparing the simulation box, all the particles in the simulation are replaced in selected lattice
structures, which are determined by using experimental reports. In the zig-zag nanochannel walls,
FCC crystal structure with a 3.92oA lattice constant, and in the spherical copper nanoparticles, the
FCC crystal structure with a 3.61oA lattice constant is used. The SPC model is also applied to
water molecules simulation. In this model, hydrogen and oxygen atoms are considered as rigid
particles. Since the effect of copper nanoparticles adding, is the main subject of this study, the
diameter of the nanoparticles in all samples is 2nm. Moreover, at the beginning of the simulation,
the flow of water molecules inside the nanochannel is applied at a non-zero velocity along the xaxis. In addition to the initial atomic velocity, an external force is applied to the water molecules
in order to implement the flow conditions. Furthermore, periodic boundary conditions are selected
for flow direction, and the fix one is selected for the other directions. According to the definition
of periodic boundary conditions, when a fluid particle goes out of the box, another particle enters
the simulation box. Thus the number of particles in the simulated system remains constant.
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Fig 2. Zig-zag nanochannel simulated with LAMMPS software.

In the calculations, each atom in the simulation box interacts with the neighbor, which this
interaction is described by using interatomic force fields. The interatomic force field between
fluid-fluid and fluid-metal particles can be described by using the conventional Lennard-Jones
equation. This type of interatomic potential is represented by the below equation:
𝜎 12

𝐸 = 4𝜀 [( 𝑟 )

𝜎 6

− (𝑟 ) ]

𝑟 < 𝑟𝑐

(7)

In this equation, ε is the depth of the potential well, σ is the distance which corresponds to the
potential value of zero, and rc is the cutoff radius. The values of the constant coefficients in this
interatomic force field have been selected for different types of atoms by using the results of Mayo
et al. [41]. On the other hand, the interactions between metal atoms in nanochannel structure are
selected by using EAM potential, which the coefficients of this force field are presented in the
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research work of Foiles et al. [42] for Platinum and copper atoms. EAM interatomic force field is
represented as below equation:
1

𝐸𝑖 = 𝐹𝛼 (∑𝑗≠𝑖 𝜌𝛽 (𝑟𝑖𝑗 )) + 2 ∑𝑗≠𝑖 𝜑𝛼𝛽 (𝑟𝑖𝑗 )

(8)

In this equation, the first sentence represents the attractive interaction between atoms, and the
second one represents the interaction of the electron distribution of particles. Finally, the NVT and
NPT settings are applied to the simulated systems for canonical and micro-canonical ensembles,
respectively [43-48]. So, the number of atoms, volume, and temperature in the canonical ensemble
is constant throughout the simulation. On the other hand, in the applied microchannel ensemble,
the atomic system is energetically closed, and the energy remains constant during the MD
simulation [48-53]. At the end of the MD simulations, physical quantities such as potential energy,
density, velocity, temperature profiles, and thermal conductivity of these atomic structures are
calculated.

3- Results and discussion
3-1 Potential energy
At the beginning of our MD simulations, to ensure the thermodynamic equilibrium of the atomic
system, the potential energy of the entire structure reported. The results of these calculations are
presented in Fig. 3. As can be seen from this picture, the potential energy of the atomic system
converges to -20698eV at 10000-time steps. Numerically, this value has negative values that
indicate the potential energy of the wall of the nanochannel is larger than the potential energy of
the fluid particles inside the nanochannel. Because of the physical considerations, the potential
energy value implemented by the EAM potential has a negative value, which causes the solid phase
of metal structures during the simulation. On the other hand, the potential energy value for the
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simulated fluid molecules has a positive value, which causes these atomic structures to flow and
creates a liquid phase.

0

Energy(eV)

-5000

-10000

-15000

-20000
0
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40000

60000

80000

100000

Time step
Fig 3. Potential energy variation as a function of simulation time steps

With the nanoparticle addition to the base fluid (Fig. 4), the potential energy of the simulated
system reaches to -21317, -21695, and -22153 eV with one, two, and three copper nanoparticles,
respectively. These calculation results are shown in Fig. 5. A negative rate of potential energy in
atomic systems means the stability of these structures. Therefore, it can be said that the addition
of nanoparticles into the base fluid will be effective for the thermodynamic and mechanical
behavior of systems. By comparing the potential energy curves in fluid and nanofluid structures,
it can be seen that the lower time steps are required for reaching thermodynamic convergence in
12

the nanofluid rather than the base fluid. Numerically, the equilibrium process achieves after
100,000-time steps and 200,000-time steps for Water/Cu nanofluid and Water molecules,
respectively. From physical respect, the negative rate of potential energy in the simulated system
corresponds to an increase in the interatomic interaction.

a) 1 Nanoparticle
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b) 2 Nanoparticles

c) 3 Nanoparticles

Fig 4. Nanofluid simulated with LAMMPS software.
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Fig 5. Potential energy variation as a function of simulation time steps

3-2 Density profile
In the second step of MD simulations, to report the position of the fluid atoms inside the simulated
zig-zag nanochannel, we calculate the density profiles across the nanochannel. In simulated
systems, for calculating the density profiles, the zig-zag nanochannel is divided into Nbin =115 bins
along the z-axis. The volume of each bin is Lx × Ly × Lz / Nbin, where Lx, Ly, and Lz are nanochannel
lengths in the x, y, and z-directions. From the statistical respect, the number density of the fluid is
defined as the number of atoms per volume in each bin at each time step. Then, the calculated
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density profiles are averaged over the entire simulation time, and an average value is reported for
each bin. In Fig. 6, the base fluid density profiles are presented. The density calculations in this
part of simulations are done after thermodynamic equilibrium in the atomic system. According to
Fig. 6, the maximum density of the fluid atoms is seen in the bins near the nanochannel walls. This
manner indicates the interaction of fluid particles with the platinum atoms. On the other hand, the
fluctuations in the calculated density value in the middle part of zig-zag nanochannel are clearly
visible. The intensity of these fluctuations is directly related to the number of atomic irregularities
during flow. In general, we can say the fluid atoms near the walls are more aggregated, and their
distribution in the bins farther than the platinum wall decreases and becomes uniform in the middle
bins of the nanochannel. By nanoparticles adding to the base fluid, the density profile of the atomic
structure increases. According to Fig. 7, the maximum value of the density profile will be 0.095,
0.098, and 0.1 for nanofluids with one, two, and three nanoparticles, respectively. As stated for the
water molecules and due to the strong interactions between the nanoparticles and the fluid atoms,
determined by the Leonard Jones interaction, the distribution of nanofluid particles near the zigzag nanochannel walls is maximized.
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Fig 6. Density profile across the channel
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Fig 7. Density profiles across the channel with different nanoparticles
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3-3 Velocity profile
To obtain the velocity profiles and according to the density profiles, the average velocity for each
atom is calculated for each bin and at each time step. The velocity profiles are shown in Fig. 8.
According to this figure, the velocity profile represents the simulated fluid dynamics behavior, and
this indicates the accuracy of the computational method used in this study. Analytically, it can be
said that the results of the present work show a parabolic distribution for velocity profile in fluid
atoms, which appropriate by an external force. According to the obtained results, the velocity
profiles are equilibrated after some time steps. This parameter increases by addition the copper
nanoparticle to the water molecules from 100,000 to 200,000 times. Furthermore, the effect of
nanoparticles adding to the base fluid can be reported from two perspectives: the symmetry of
velocity distribution and the velocity magnitude. Fig. 9 shows the symmetry in the velocity
distribution. This symmetry increases with further nanoparticles adding to the base fluid. Despite
the expressed symmetry, the parabolic behavior of the velocity profile for nanofluid atoms has
remained, and the Poiseuille flow in the simulated nanostructures is detectable. Moreover, the
maximum velocity of the nanofluid particles is bigger than the base fluid, and these values vary
from 0.22 oA/ps to 0.18oA/ps. This indicates that the nanoparticles have an important effect on
fluid dynamical behavior.
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Fig 9. Velocity profiles across the nanochannel with different nanoparticles
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3-4 Temperature profile
The temperature distribution of fluid particles into zig-zag nanochannel has practical importance.
In this part of our study, we calculate the temperature profile of simulated fluid/nanofluid particles.
For this purpose, the average temperature of each atom in various bins is calculated, and finally,
all of these values are averaged. The temperature profiles are shown in Figs. 10 and 11. These
profiles also reflect the Poiseuille behavior of the fluid and nanofluid particles inside the zig-zag
nanochannel. So, by distance increasing from the nanochannel wall, the temperature rate of
particles increases. Thus, temperature profiles in the simulated structures show parabolic behavior.
This behavior is similar to the velocity profile of atoms. Physically, we can state the
correspondence between velocity value and the temperature rate of the particles with ½mv2=3/2kT
equation. However, it is important to study the effect of nanoparticles in the base fluid temperature.
According to Fig. 11, adding the copper nanoparticles into the water molecules, disturbs the
parabolic graph symmetry. Numerically, the addition of nanoparticles reduces the temperature of
particles so that the maximum temperature in the base fluid is 363K. By adding the one, two, and
three copper nanoparticles, the maximum values of temperature reach to 345, 338, and 330K,
respectively.
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Fig 10. Temperature profile across the nanochannel
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Fig 11. Temperature profiles across the nanochannel with different nanoparticles
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3-5 Thermal conductivity
The thermal properties of atomic structures are one of the most important parameters of them. This
physical manner of atomic structures is an effective parameter in different fields of
nanotechnology. In the final step of this study, the thermal conductivity of the base fluid and
water/copper nanofluid are investigated. The basis of the calculation for heat conductivity in the
MD simulations is performed by heat/flux command in LAMMPS software, which calculates the
thermal conductivity by using the Green-Kobo method [45, 46]. In this method, the heat flux of
atoms is calculated, and finally, the thermal conductivity of structures is estimated. This method
is required to calculate the energy flux, which is derived from the fluctuation dispersion theorem
obtained by the linear response. For this, one can write [46, 47]:
∞

𝑉

𝑘 = 3𝑘

𝐵

𝑇2

∫0 𝑑𝑡 < 𝐽(𝜏). 𝐽(0) >

(9)

In this equation, V is volume of atoms, kB is the Boltzmann constant, T is the system temperature,
and J the heat flux. Then, by using thermodynamic considerations, we can write:
∞
2 ∫0 𝑑𝑡
𝑇
𝐵

𝑉

𝑘 = 3𝑘

< 𝐽(𝜏). 𝐽(0) >

(10)

By this equation, the thermal conductivity of the atomic structures can be calculated. According
to the MD calculations with LAMMPS software, the thermal conductivity of the base fluid
predicted to 0.573 W.m-1.K-1, which is similar to those of the experiments. In the next step, by
adding copper nanoparticles to the base fluid, the changes in the thermal conduction are calculated.
Table 1 indicates an increase in the thermal conductivity from 0.573 W.m-1.K-1 to 0.679 W.m-1.K1

by adding nanoparticles to H2O molecules. As shown by the simulation results, the thermal

conductivity of the atomic structures increases by adding nanoparticles into the base fluid.
Physically, these phenomena occur by interatomic interactions increasing in the simulated systems.

22

Table 1. Thermal conductivity as a function of Cu nanoparticles

Number of Nanoparticles

Thermal Conductivity
(W·m−1·K−1)

0

0.573

1

0.624

2

0.649

2

0.697

4- Conclusion
In this study, we investigated the behavior of fluid/nanofluid within a zig-zag nanochannel by
using the molecular dynamics method. Atomic structure's behavior was reported by measuring
physical quantities, including density, velocity, and temperature profiles, and finally, the thermal
conductivity of fluid and nanofluids was calculated. The results of these calculations showed that
the particles were more distributed near the nanochannel walls. On the other hand, the calculated
velocity value for the central bins had a maximum rate; and consequently, the temperature of the
atoms presented in these bins also had a maximum rate. Hence, the density profiles of the
fluid/nanofluid atoms had certain oscillations so that the amplitude of these oscillations reached to
maximum rate near the nanochannels walls. The velocity and temperature curves of the simulated
atoms had a parabolic manner, and the maximum value of this quantity was observed at the center
of the nanochannel. Further investigation and comparison of the results revealed that the addition
of copper nanoparticles to the base fluid increased the density of the simulated fluid. So, maximum
atomic density in the simulated nanofluids was calculated for the atomic structure with 3
nanoparticles (with 0.1 rate). The lowest density value was calculated for base fluid (with 0.092
rate). In the next step, our results showed that temperature and velocity of atoms in the simulated
systems decreased by adding nanoparticle to water molecules. For atomic velocity, the minimum
23

rate of this parameter was calculated for nanofluid with 3 nanoparticles by 0.18 oA/ps value, and
the maximum velocity was calculated for water molecules (base fluid) by 0.22 oA/ps rate. The
minimum temperature in the simulated systems was also related to the atomic structure with three
nanoparticles (330K), while the largest calculated value for this parameter was estimated for base
fluid by 363K. Finally, we concluded that the thermal conductivity of the simulated structures
increased by adding nanoparticle to base fluid from 0.573 to 0.697W.m-1.K-1.
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